1 Form Approved
REPORT DOCUMENTATION PAGE O MB No 0704-0188
ru,,eo-,t n4 ou'de, 0' this concnwn 0* -cIatcn s ntin-a-e to &,etagii hour o-esoo~se nca,hc t"P r'me tol,e -h i nstcticni, se ~ e, it = data so,."ee qatt'erin anc maintaining th'e data needed. and con~oieiinq and e -P-ng tt'e cosctcn of nfcrmariom Sena comments reoardinq this ourden es Iimle n .~ :v'e, asoe'! o. ?n coliection C t fonatior inciuadng ts.gaiiitcor reac'inj N OeSm~~ tO Wa~hfMlfqOn 'feadaaa!C'% Servie% C,.ecto,ate fc Io~'mat-oh 0Oie,at-ons and RDocr1s '2 15 jeffetaon Da~,H? v.tInstruments TMS320C30 32-bit floating point digital signal processor in both total dose and dose rate radiation environments. This test effort has provided data relating to the applicability of the TMS32OC30 in systems with total dose and/or dose rate survivability requirements. In order to accomplish these tests, The !=IRE Corporation developed custom hardware and software for in-flux radiation testing. This paper summarizes the effort by providing an over-view of the TMS320C30, MITRE's test methodology, test facilities, statistical analysis, and full coverage of the test results. 
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INTRODUCTION
This paper describes a test program initiated by The MITRE Corporation to characterize the Texas Instruments (TI) TMS320C30 32-bit floating point digital signal processor (DSP) in both dose rate and total dose radiation environments. This device is applicable to a wide range of signal processing needs including communications, radar, sonar, image processing, navigation, and missile guidance. The processor provides 32-bit floating point signal processing capabilities via a single-chip architecture. In addition, it is the only DSP device to offer a validated Ada compiler for high-level language development as required by many DOD programs. As such, this state-of-the-art device will be a key component in many systems including those with radiation survivability requirements.
The growth of digital signal processing has been fueled by the advent of single-chip DSPs capable of performing fast (single-cycle) multiply and accumulate operations, the staple of all signal processing algorithms. These application-specific microprocessors have evolved from 8-and 16-bit fixed point devices to the current 32-bit floating point capabilities. These capabilities naturally lend themselves to many communications programs as well as other interests including those with radiation hardening requirements. Recognizing the importance of this capability, The MITRE Corporation has characterized this device in the total dose and dose rate radiation environments. Texas Instruments provided 20 devices as well as sophisticated development tools used by MITRE staff to develop a TMS32OC30 radiation test bed.
MITRE's test of the TMS320C30 resulted in failures between 4-and 5-K rads (Si) in the total dose environment with a statistical failure level (99-percent probability of survival with 90-percent confidence) of approximately 3-K rads (Si). In the prompt dose rate environment using a 20-30-nanosecond (ns) pulse, the device failed in the area of 1 x 108 rads (Si) per second with a 99/90 failure level of approximately 7 x 107 rads (Si) per second. For the delayed dose rate environment using a 1-microsecond (pts) pulse, the device failed in the area of 5 x 107 rads (Si) per second with a 99/90 failure level of approximately 3.2 x 10 7 rads (Si) per second. We observed latch-up in both environments at room temperature, at approximately 1 x 109 rads (Si) per second in the prompt environment and at approximately I x 108 rads (Si) per second in the delayed environment. This paper will provide an overview of the TMS320C30 and its fabrication and will describe the test bed developed by MITRE. An overview of the tests and the formulation of applicable statistics will then be provided. Finally, we will provide the results of all tests and relevant discussion.
SECTION 2 OVERVIEW OF THE TMS320C30 DSP
The TMS320C30 is a complementary metal-oxide semiconductor (CMOS) integrated circuit with TTL-compatible inputs and outputs [1] . The DSP has a single-cycle instruction execution time of 60 ns. The processor, fabricated in 1.0-micron (gim) technology, consists of approxi-mately 700,000 transistors. The version supplied is housed in a 180-pin ceramic pin grid array (PGA) package. Relevant to radiation characterization, the TMS320C30 is a dynamic device --it relies on inherent internal capacitance for logic level storage and, therefore, has a minimum operating frequency.
One special feature is its true in-circuit emulation capability. The device is equipped with a modular port scan device, or scan path. This feature allows the connection of an XDS500 emulator, which, unlike previous generation microprocessors, does not require the device to be removed from its target and replaced with an emulator pod to perform software development and test via device emulation. A block diagram of the TMS320C30 DSP is provided in figure 1 . The TMS320C30 has a 24-bit address space, which allows it to address 16 million 32-bit words of external memory. In addition, it contains several areas of on-chip memory including a 4-K x 32-bit on-chip ROM block, two 1-K x 32-bit on-chip RAM blocks, and a 64-x 32-bit instruction cache. It contains eight extended precision registers and eight auxiliary registers. Its on-chip peripherals include a direct memory access (DMA) controller, serial ports, and timers.
We tested a total of 15 devices, 10 from the same military-grade preproduction lot (designated lot 1) and 5 from a separate commercial-grade lot (lot 2). Lots 1 and 2, termed EPIC-lA and EPIC-1Z, respectively, by the manufacturer, are the result of two distinct production CMOS processes. Table 1 summarizes the available differences between these two processes. Note that the overall sequence of process steps is identical between the two processes and shares the following process techniques:
" Twin-well tank formation * Identical clad process " Identical double level metal process " Identical oxide/nitride overcoat process
The motivation for moving to the EPIC-1Z process stems from the process margin gained at the 1-p.m level; therefore, future sub-micron technology may be developed with this newer process. For example, the upcoming TMS320C40 and TMS320C50 will be fabricated using EPIC-I Z material.
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SECTION 3 TEST BED DESCRIPTION
While there continues to be a growing need for radiation data for increasingly higher speed microprocessors, testing of such critical devices continues to become increasingly more difficult. Before developing test fixtures to accomplish this testing, a literature search of test methods used for other microprocessors revealed a diversity of methods. We examined tests for such devices as the Intel 8080 [2] , 8085 [2, 3, 4] , 8086 [5, 6] [6, 12, 13, 14] and Z8002A [10, 12] . After reviewing the cited tests of the various microprocessors listed, we discussed the various methodologies with authorities in the field [15, 16, 17] . Our investigation led to our test methodology for this device. We performed full in-flux testing while operating the device at full speed. We chose to perform in-flux tests in an effort to provide an accurate characterization of the device's radiation performance. While we are aware that radiation susceptibility may be clock-rate dependent, we operated the device at full speed (16 MHz) since this is a DSP's normal operational regime. Our testing can be classified as that of external control --we controlled/monitored the device under test via Ti's XDS 1000 development environment. While we readily employed the XDS 1000, it did not provide us the required platform for any radiation environment --a stand-alone TMS320C30-based card with (external) communications capabilities. For this, we designed and assembled a stand-alone card. Our test fixture consists of a single TMS320C30 with minimal support circuitry, which is shielded during testing, as shown in figure 2. We developed our own custom assembly language programs to test the device. These programs provide comparable completeness to other methods we reviewed --they test all functional components of the device, use much of the instruction set, and are robust in reporting errors in the wake of radiation effects. These programs execute on the device under test and output test status via one of two on-chip serial ports. Results are passed to a second TMS320C30, part of the XDS 1000 development environment, operating in a PC-AT-compatible Zenith Z-248 computer. This second DSP, which operates outside of the radiation environment, provides test results to the host PC's controlling 80286 microprocessor. Results are continuously provided/updated on the PC's display. Tests accomplished include: * CPU register file " On-chip memory * On-chip cache * On-chip peripherals " Multiplier, arithmetic logic unit (ALU), auxiliary register arithmetic unit (ARAU) 
TEST OVERVIEW
Testing of the TMS320C30 determined the total dose failure level, dose rate upset threshold level, and dose rate latch-up threshold level. The testing was performed at the Rome Air Development Center (RADC) radiation facility located at Hanscom Air Force Base in Bedford, MA. The following subsections provide further details of the test procedures and facilities.
TOTAL DOSE TESTING
The total dose testing of the TMS320C30 was conducted in accordance with the requirements of MIL-STD-883C, method 1019.3 [18] . The exception was that testing was performed at a dose rate of approximately 575 rads (Si) per minute. Testing continued until each device had a functional failure. The testing was performed on a sample size of 10 devices from the EPIC-lA process and 3 devices from the EPIC-1Z process. In addition to the devices being tested, sufficient unirradiated controls were used to ensure proper operation of the test fixture. The testing of the TMS320C30 was conducted in-flux (i.e., functional testing was performed during the radiation exposure). Upon detecting a functional failure, the test fixture recorded the time the failure occurred. In addition, current measurements were taken to characterize device current (Icc) versus total accumulated dose.
The total dose facility uses a Cobalt-60 (Co-60) source. The Co-60 cell is a dry room (10' x 10' x 10') with the source mounted on an elevator assembly positioned near the middle of the room. The strength of the source is approximately 27,000 curies. The radiation exposure rate is determined by the distance of the exposed specimens from the Co-60 source.
DOSE RATE TESTING
We tested the TMS320C30 to determine the dose rate threshold for upset of the device and to demonstrate the dose-rate-induced latch-up immunity of the device. Testing was performed using both a 20-30-ns full width half maximum (FWHM) pulse and a 1-1as FWHM pulse width. The dose rate testing was performed using both the flash X-ray machine and the LINAC. The flash X-ray facility contains a Pulserad 314 machine manufactured by Physics International Company. The maximum dose rate achievable is 1.6 x 1010 rads (Si) per second with a 20-ns FWHM pulse width. The dose rate that the exposed specimen receives is determined by the distance from the machine's output port. The LINAC facility contains an 18-MeV machine manufactured by Applied Radiation Corporation. The LINAC operates in the electron beam mode for this experiment. The maximum dose rate achievable is 1.3 x 1012 rads (Si) per second with a 20-ns FWHM pulse width and 2.6 x 1010 rads (Si) per second with a 1-4ts FWHM pulse width.
4.2.1
Upset
The dose rate upset testing of the TMS320C30 device was in accordance with the requirements of MIL-STD-883C, method 1021.1 [191. The device was continuously functionally tested throughout the dose rate exposure. The test fixture monitored the internal registers and memory locations of the device while being exposed to subsequently higher dose rates. An upset was defined as any change of state in either the internal registers or the internal memory locations.
Latch-Up
The dose rate latch-up testing of the TMS320C30 device was in accordance with the requirements of MIL-STD-883C, method 1020 [20] , with the exception that all testing was performed at room temperature. The test fixture power supply current and functionality of the device were monitored. The device was exposed to subsequently higher dose rates until a latch-up condition occurred. Latch-up was indicated by a current draw significantly greater than nominal, excessive device heating and partial to complete loss of functionality.
DOSIMETRY
The test facility provided the dosimetry necessary to establish an accurate measurement of the radiation dose received by the TMS320C30 test specimens. These dosimetry procedures are traceable to the National Institute of Standards and Technology (NIST). The dosimetry for the total dose experiment was provided by a Victoreen Model 500 Precision Medical Physics Electrometer. This instrument measures the dose rate of the radiation exposure. Calibration of the dosimetry system is accomplished using thermoluminescent dosimeters (TLDs). The dose rate multiplied by the time of the exposure will yield the total dose accumulated in the test specimens.
The dosimetry for the dose rate experiments was provided by a UM4001 PIN diode. The PIN diode is biased with +100 volts and terminated into a 50-ohm load at an oscilloscope input. The photocurrent of the diode is proportional to the dose rate exposure. The PIN diode response versus the dose rate is 1.1 x 108 rads (Si) per second per volt. This calibration factor is determined using TLDs.
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SECTION 5
DATA ANALYSIS TECHNIQUES
We performed a statistical analysis of the test results assuming that the radiation response of the devices followed a lognormal probability distribution. This assumption has been accepted by the nuclear hardening community [21] . (The adoption of this assumption allows the inference of population characteristics from a small sample of data.) Since the calculations must be performed in log space, the real failure levels acquired from the testing are first converted to their equivalent natural logs. The sample mean and standard deviation can then be calculated in log space. These values are then used to determine the adjusted mean failure level, statistical failure level (SFL), and probability of survival (Ps) for the TMS320C30. After these calculations are complete, the results are converted to their equivalent real values for reporting in section 6.
CALCULATION OF THE SAMPLE MEAN AND STANDARD DEVIATION
We reduced the radiation failure levels to determine the sample mean (X) and standard deviation (s). These and subsequent calculations, shown in [22] , were made as follows:
where n = number of devices in the sample xi = failure level of the i-th device.
CALCULATION OF THE ADJUSTED MEAN
The sample mean calculation shown above provides a point estimate of the population mean. A point estimate of the population mean is of limited usefulness, as it does not provide any information about the precision of the estimate. There is no way to determine the magnitude of the sampling error from a point estimate. Sampling error refers to the range of sample means that would be obtained from independent samples taken from the same population. Information concerning this sampling error is essential to properly interpret the results.
Statistical procedures can be used for estimating the population mean as an interval rather than as a single point. The width of the interval indicates the precision of the estimate. The interval width is proportional to the variability in the individual device radiation failure levels. The standard deviation calculation shown above provides a measure of this variability.
An interval estimate of the population mean (gt) consists of two bounds between which L is estimated to exist. The lower bound of the interval (termed the adjusted mean, Xa) represents the worst-case estimate of the population mean radiation failure level.
The variation in the radiation failure levels for the devices was accounted for by calculating an adjusted mean failure level. The adjusted mean failure level is defined as including at least 50 percent of the population with a 90-percent confidence level (Ps / C = 50/90). This (onesided) calculation was made as follows:
where X = sample mean from equation (1) s = sample standard deviation from equation (2) K5 0 /90 = tolerance factor for the given sample size with Ps / C = 50/90 from table 2.
CALCULATION OF THE STATISTICAL FAILURE LEVEL
Statistical procedures can be used to estimate an interval that bounds the expected radiation failure levels of the population. The width of the expected value interval is proportional to the variability in the individual device radiation failure levels. A measure of this variability is the sample standard deviation. The lower bound of the expected value interval (the SFL) represents the worst-case estimate of the population minimum radiation failure level.
The SFL is defined as including at least 99 percent of the population with a 90-percent confidence level (Ps / C = 99/90). This level represents the radiation level at which devices within the population are expected to begin to fail. Thus, this is the maximum radiation environment in which the device will continue to operate properly. This (one-sided) calculation was made as follows: (4) where X = sample mean from equation (1) s = sample standard deviation from equation (2) K 9 9190 = tolerance factor for the given sample size with Ps / C = 99/90 from table 2. 
CALCULATION OF THE PROBABILITY OF SURVIVAL
We determined the Ps versus radiation level for each radiation environment. The Ps is a quantitative estimate of probability that the TMS320C30 will continue to properly operate after exposure to a given radiation level. Conversely, the Ps is a measure of the risk of a device failing below the particular radiation level.
To calculate the Ps, it is first necessary to calculate the KTL factor associated with a 90-percent confidence level. The calculation is made as follows:
where X = sample mean from equation (1) s = sample standard deviation from equation (2) L = level at which the Ps is to be determined.
We can see from the above that the KTL is the number of standard deviations the sample mean failure level is from the radiation level of interest. Therefore, once the KTL factor is known, nurmal probability distribution statistics can be applied to determine the Ps. The Ps for the TMS32OC30 was calculated by interpolation between the KTL values shown in table 3. 
TEST RESULTS
The following subsections provide the total dose and dose rate results for MITRE's test of the TMS320C30.
TOTAL DOSE TEST RESULTS
The results of our Co-60 testing are shown in table 4 --here, the SFL varied from approximately 3,000 rads (Si) to 3,500 rads (Si) with a dose rate of approximately 575 rads (Si) per minute. Figure 4 provides the probability of survival versus total accumulated dose. in addition to monitoring the operation of the device under test during total dose irradiation, we monitored the device current. The following curve (figure 5) provides an average device current versus accumulated dose with a dose rate of approximately 575 rads (Si) per minute. Note that the nominal operating current for the TMS320C30 itself is approximately 300 milliamperes. .97 .................................. urvva 0.5 .  ................................. .................... 3, 469 rad (Si)   0.94-............................................ . 
DOSE RATE TEST RESULTS
Dose rate testing consisted of both prompt characterization using a narrow pulse (20-30-ns FWHM) and delayed characterization using a wide pulse (1-ps FWHM). Both upset threshold and dose-rate-induced latch-up phenomena were investigated. The use of the flash X-ray facility versus the LINAC facility was based on the order in which the device lots arrived and the availability of the particular facility at the time of their arrival. Table 5 provides the results of upset threshold testing using a narrow pulse of either 20 or 30 ns. Table 6 shows the results of latch-up using the narrow pulse. Note the maximum levels we were able to attain using the two different pulse sources. Also note that as we observed latch-up at room temperature, we did not test for latch-up conditions at elevated temperatures. Figure 6 summarizes the prompt dose rate effects by providing the probability of no upset versus dose rate. 
Prompt Environment
Delayed Environment
Tables 7 and 8 provide the result of delayed dose rate effects using a 1-gs-wide pulse for upset threshold and latch-up, respectively, with figure 7 providing the probability of no upset. As the sample standard deviation was zero for the EPIC-i A devices, we provided a pseudo-Ps curve by using the standard deviation of the EPIC-IZ material --hence the use of the dashed line to caution the reader. 
DISCUSSION
During our testing, we observed failures of most all functional units of the TMS320C30. While it was not the goal of this testing to absolutely identify susceptible areas on the device, we did notice a predominance of interrupt-related failures as a result of both dose rate and total dose irradiation. Our use of the serial port for communication worked well enough to detect early failures of the device in all environments; however, that too failed during latch-up testing where current measurements were used to indicate such a condition. When possible, we also used the emulation port of the device to examine failures after testing --this feature is available on many new microprocessors and should be considered for future testing. Note that as this device does have some dynamic logic on-chip, its inherent hardness will most likely degrade with a decrease in clock frequency. As the radiation-induced loss of charge is a direct function of time, the slower clock frequency will provide a longer window for this phenomenon. Therefore, users of the TMS320C30 operating the device at slower clock frequencies should consider this when examining our data. As the results indicate, the EPIC-1Z material appears to provide more immunity to radiation-induced failure in both environments (presumably due to the thinner epilayer and sidewall oxide). However, the limited number of EPIC-1Z devices tested precludes such a conclusion. In any case, results from both lots indicate the general failure trends of the device. In addition, failures of the EPIC-lZ TMS320C30s provide an indication as to the possible hardness of the next-generation TMS320C40 and TMS32OC50.
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SECTION 7 CONCLUSION
MITRE's test of the TMS320C30 resulted in failures between 4-and 5-K rads (Si) in the total dose environment with an SFL of approximately 3-K rads (Si). In the prompt dose rate environment using a 20-30-ns pulse, the device failed in the area of 1 x 108 rads (Si) per second with an SFL of approximately 7 x 107 rads (Si) per second. For the delayed dose rate environment using a 1-gts pulse, the device failed in the area of 5 x 107 rads (Si) per second with an SFL of approximately 3.2 x 107 rads (Si) per second. We observed latch-up in both environments at room temperature, at approximately 1 x 109 rads (Si) per second in the prompt environment and at approximately 1 x 108 rads (Si) per second in the delayed environment.
To summarize, this test effort provides the general failure trends of the TMS320C30 but may not reflect the full failure range due to the limited sample size (15 devices total). Testing by other organizations may provide additional data that will expand the user community's knowledge of the full failure range of the TMS320C30.
